Electrochemical deposition of Ag on a 23 × 3 reconstructed surface of Au(111) electrode at various potentials was followed by scanning tunneling microscopy (STM) in situ in real time. At -0.2 V (vs Ag/AgCl), line shaped Ag deposits with the height of 0.46 ( 0.03 nm, which is equivalent to 2 atomic height, were observed. The center of each Ag line was located in the hcp domain of the reconstructed structure. They then grew two-dimensionally so that the other regions, i.e., bridge and fcc domains, of the reconstructed Au surface were gradually covered with the Ag bilayer. As the deposition proceeded, another Ag layer started to nucleate and grow on the Ag bilayer. This layer was one atomic height and grew not linearly but two-dimensionally from the beginning. At 0.3 V, the monatomic layer of Ag was formed preferentially in the hcp domain and the Ag growth stopped at ca. 1 ML. The potential dependent stabilities of the deposited bi-and mono-atomic Ag layers were confirmed by the potential step measurements. The structural conversion from the bi-to mono-atomic layer of Ag was observed when the potential was stepped from -0.2 to +0.3 V. At 0 V, an intermediate potential, both the bi-and mono-atomic Ag layers were observed at the initial stage of Ag deposition. These results revealed that the biatomic Ag layer was more favored at more negative potentials in the range of -0.2 to +0.3 V. The growth mode of the potentiostatic electrochemical deposition of Ag on the reconstructed Au (111) electrode surface observed in this study is quite different from those previously reported for the electrochemical deposition on the reconstruction-lifted Au(111) electrode surface and deposition under ultrahigh vacuum (UHV) condition on the reconstructed Au(111) surface, showing the importance of structure of substrate surface and electrode potential on the growth mode.
Introduction
Silver deposition on Au(111) has been the subject of a number of studies because it is a good example of metal deposition where the interaction between a metal deposit and a substrate is very strong and the lattice misfit between the deposit and the substrate is negligible. The deposition processes have been studied both in ultrahigh vacuum (UHV) [17] [18] [19] [20] [21] and electrochemical environments [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] by a wide variety of techniques, including scanning tunneling microscopy (STM), 1, 2, 5, 8, 9, 14, 16, [17] [18] [19] [20] [21] atomic force microscopy (AFM), 3, 4, 6 second harmonic generation (SHG) spectroscopy, 13 quartz crystal microbalance (QCM), 7 ultra-violet photoelectron spectroscopy (UPS), 19,21 X-ray diffraction, 11, 12 and extended X-ray absorption fine structure (EXAFS). 10 In the electrochemical deposition, underpotential deposition (UPD) has received special attention and the structure of adsorbates including both metal and anion and its dependence on the potential and electrolyte composition have been investigated. [2] [3] [4] [5] [6] For the UPD, formation of homogeneous Ag layer of various coverage up to two monolayer depending on the electrode potential has been reported. 14, 15 Far fewer studies on the overpotential deposition (OPD) of Ag on Au(111) have been reported. 9, 14 For example, a layer-by-layer growth was observed during the initial stage up to 10 monolayers at low overpotentials. 14 In almost all the cases, both UPD and OPD, the Au(111) electrode was initially kept at a potential much more positive than the Ag deposition potential and then scanned negatively or stepped to the potential more negative than the Ag deposition potential. The initial potential is actually positive enough to lift the reconstruction of Au(111) surface, and therefore, Ag deposition usually takes place on the (1 × 1) surface of Au(111).
Metal deposition on a reconstructed Au(111) surface, where uniformly spaced inhomogeneous sites are present, should be interesting because it can offer a unique method for the preparation of self-organized nanosized metal pattern. The influence of the Au(111) reconstruction on electrochemical deposition processes has been already shown in a number of systems. In the case of electrodeposition of Cd, regularly arranged arrays of Cd clusters were formed as a result of specific nucleation at the "elbow sites" of the reconstructed Au(111) surface. 22 Pb, 23 Co, 24 and Au-Cd alloy 25 have been found to electrodeposit selectively in the hcp area. Selective decoration of the fcc area was also reported for Ru deposition. 26 No reports of Ag electrodeposition on a reconstructed Au(111) surface have been published, however, due to the relatively positive reversible potential for Ag deposition. In UHV, line shaped Ag deposits of monatomic height were preferentially formed in the hcp area of the reconstructed Au(111) surface at submonolayer coverage, reflecting the morphology of the substrate surface. 17, 21 In the present study, the potentiostatic electrochemical deposition of Ag on a 23 × 3 reconstructed Au(111) surface at various potentials was investigated in situ in real time using electrochemical STM. After injecting a solution containing Ag 2 SO 4 into the STM cell filled with H 2 SO 4 at -0.2 V (vs Ag/AgCl), formation of line shaped Ag deposits of 2 atomic height along the herringbone reconstruction structure of Au(111) was observed followed by two-dimensional growth of the Ag bilayer to cover the other regions of the Au surface. Further deposition of Ag proceeded by the nucleation and isotropic two-dimensional growth of Ag monolayer on the Ag bilayer, indicating that the growth of the third Ag layer was not affected by the original reconstructed structure. In contrast, only the monatomic Ag layer was deposited along the herringbone reconstruction and the Ag did not grow over ca. 1 ML at +0.3 V. The potential dependent stabilities of bi-and mono-atomic Ag layer on the reconstructed Au(111) surface were confirmed as the conversion from bi-to mono-atomic layer was observed by stepping the potential from -0.2 to +0.3 V. At 0 V, an intermediate potential, both the bi-and mono-atomic layers of Ag were observed.
Experimental Section

Materials.
A (111) facet on a single crystal bead of Au, which was prepared by the Clavilier's method, 27 was used as a substrate in the STM measurements. Electrolyte solutions were prepared using H 2 SO 4 (Suprapure reagent grade, Wako Pure Chemicals), Ag 2 SO 4 (Reagent grade, Wako Pure Chemicals), and Milli-Q water.
Electrochemical STM Measurements.
In situ electrochemical STM measurements were carried out using a homemade electrochemical STM cell, which can accommodate the single-crystal electrode. STM images were recorded in a constant current mode using a NanoScope E (Digital Instruments). An Au/AuO x and a platinum wire were used as a quasi-reference and a counter electrode, respectively. The electrolyte solution was deaerated by passing purified argon gas for at least 20 min before being introduced into the STM cell. Electrochemical potentials of the Au(111) substrate and STM tip (E tip ) were independently controlled by a bipotentiostat (Digital Instruments). All potentials were quoted vs Ag/AgCl in the present study. STM tips were mechanically cut Pt/Ir wire (80/20, ) 0.3 mm) insulated with Apiezon wax. The single-crystal electrode was annealed with hydrogen flame just before the measurements and was mounted to the STM cell after cooling in air. A 50 mM H 2 SO 4 solution was then introduced into the cell while controlling the electrode potential at a preset value. The slight increase of the line width of the Ag deposits with deposition time shown in Figures 1(b) and (c), indicate that the Ag deposits also grew along the <11 h0> directions but with a much slower rate. Ag deposits on a reconstructed Au(111) surface in UHV environment at submonolayer coverage show a similar line pattern with preferential growth on the narrower (presumably hcp) hollow-site regions. 17 These results show that the interaction of Ag seems to be stronger with the hcp region of the Au(111) reconstruction than with other regions. The selective decoration of the hcp area can be explained by considering heterogeneity in the adsorption energy and/or diffusion barrier for Ag atoms, which are relatively large in the hcp area, resulting in local trapping and subsequent nucleation of Ag deposits at these sites. At least two possibilities should be considered for the origin of the heterogeneity. One is the stacking effect and the other is the difference in local strain of the reconstructed Au(111) surface. Monatomic Co layer, which was preferentially deposited in the hcp region, was suggested to be energetically stabilized (larger adsorption energy) by adopting an hcp registry with the first two gold atomic planes so as to build a sort of "CoAu 2 thin hcp layer" (Co is an hcpstacked metal). 24 Although bulk Ag is a fcc-stacked metal, the stabilization in the hcp region might be possible because Ru, which adopts hcp stacking in bulk metal, was found to be deposited selectively in the fcc region of the reconstructed Au-(111) surface. 26 As far as local strain is concerned, it has been reported that the in-plane surface nearest-neighbor atomic distance is different by ca. 2% between the hcp and fcc regions in the framework of the tight-binding second moment approximation. 28 This indicates that the degree of lattice mismatch between the deposited Ag and substrate Au in the hcp region should be different from that in the fcc region and such a difference causes local strain. Further investigation, particularly theoretical treatment, is necessary to reveal the origin for the selective deposition of Ag atoms in the hcp region.
It must be noted here that the Ag lines observed in UHV condition were of monatomic height while those observed in the present study were of biatomic height. These results clearly show the unique nature of the electrochemical deposition where electrochemical potential and electrolyte solution play important roles.
Multilayer Growth.
The deposition process up to higher coverage was investigated in a solution of higher Ag + concentration where the deposition rate is higher. These experimental results can be qualitatively explained as follows. After preferential deposition of the biatomic Ag layer in the hcp region, the bilayer grew two-dimensionally covering the other regions such as bridge and fcc. When the Au surface was covered with a certain amount of Ag adatoms so that the Ag domains exceeded a critical size, it became unfavorable to maintain the reconstructed structure. The excess (4%) Au atoms might diffuse on the surface and might be incorporated into the Ag bilayer. After deposition of the third layer, diffusion and incorporation into the third layer also become possible as segregation of a small number of Au atoms in the Ag/Au(111) interface at room temperature has been reported. 29 3.2. Deposition at +0.3 V. Figure 3(a) shows a typical STM image of Au(111) surface measured at +0.3 V in 50 mM H 2 SO 4 , confirming that the herringbone structure of 23 × 3 reconstructed surface was maintained at this potential. Figures 3(b) and (c) show the STM images, which were acquired at 24 and 29 min, respectively, after injection of 2 µL of a solution containing 1 mM Ag 2 SO 4 and 50 mM H 2 SO 4 . The concentration of Ag + in the cell was ca. 2 µM after the injection. In Figure 3(b) , line shaped Ag deposits were observed on the terrace surface (for example see the white arrows indicated as A and B). The contrast of the substrate Au(111) reconstruction in the STM image was rather vague after Ag deposition, although it was clearly observed at -0.2 V (Figure  1) . The careful analysis of Figures 3(a) and (b) suggests that the center of each Ag line was located in the hcp domain. The deposited Ag grew two-dimensionally with time, and the other regions were also covered with the Ag layer as shown in the white rectangles in Figures 3(b) and (c) . The line profiles along the white lines in the STM images of Figures 3(b) and (c) , revealed that the height of the deposited Ag was monatomic (0.23 (0.03 nm), which is in contrast to the result at -0.2 V where the biatomic layer was observed. This should be related with the fact that the applied potential was more positive than the reversible potential for Ag/Ag + (∼ +0.26 V) by +0.04 V, i.e., in UPD region where formation of a uniform monolayer of Ag on Au(111)-(1 × 1) surface has been reported. 14, 15 The growth actually stopped at ca. 1 ML under the present condition.
Effect of Electrode Potential on Formation and Stability of Bi-and Mono-atomic Ag Layers.
The results obtained in the previous section showed that although the nucleation and subsequent growth of Ag at -0.2 and +0.3 V were essentially the same, the heights of the Ag deposits were different. Since the structures of the underlying reconstructed surfaces of Au(111) at +0.3 and -0.2 V were the same, electrochemical potential should be a controlling factor for the formation of bi-and mono-atomic Ag layers as mentioned before. Figure 4 is sequentially obtained STM images of the Au(111) electrode surface when the electrode potential was stepped from -0.2 to +0.3 V after the electrode potential was kept at -0.2 V for 30 min in a solution containing ca. 2 µM Ag 2 SO 4 and 50 mM H 2 SO 4 . Before the potential step (the bottom part of Figure 4(a) ), line shaped Ag deposits of biatomic height were present on the reconstructed Au(111) surface. The potential was stepped at the middle of Figure 4(a) , and Figures 4(b)-(d) were acquired 2, 4, and 9 min, respectively, after the potential step. The white squares indicate the same area. The Ag deposits of biatomic height disappeared with time and the area of another layer with medium STM contrast (white arrows) increased with time. The height of the newly formed layer was monatomic. The growth of the monatomic islands seemed to start from the biatomic Ag layer. The total Ag coverage, which was defined as {2 × (area of biatomic Ag layer) + (area of monatomic Ag layer)}/(total area of Au), was found to decrease immediately after the potential step from 0.60 ML (Figure 4(a) ) to 0.38 ML (Figure 4(b) ). The decrease was probably due to dissolution of a part of the biatomic Ag layers since the potential was stepped from more negative (OPD region) to more positive (UPD region) than the reversible potential of Ag/Ag + (∼+0.26 V). After the initial decrease, the total coverage was almost constant. These results show that after the initial dissolution, the biatomic Ag layer was gradually converted to the monatomic layer.
Ag deposition at an intermediate potential, 0 V, revealed that the preferential nucleation and growth of Ag in the hcp domain, resulting in a line shape, took place at this potential, but both the bi-and mono-atomic Ag layers were observed on the surface.
Thus, for the initial stage of Ag deposition on the reconstructed Au(111) surface, the more negative the deposition potential in the range of -0.2 to +0.3 V, the more favored the formation of the biatomic Ag layer than that of the monatomic Ag layer. This should be related with the fact that in the ordinary UPD process of Ag on Au(111), in which the potential was gradually swept in the negative direction, there exist the potential regions where the uniform monolayer and the bilayer of Ag are formed. 14, 15 The observation of the monatomic Ag deposition at +0.3 V is well understood since the applied potential is in the UPD region where formation of Ag monolayer is reported. Further experimental and theoretical studies are required to reveal the origin of the potential dependent stability of bi-and mono-atomic Ag layers on the reconstructed Au(111) surface.
Conclusion
Electrodeposition of Ag on a reconstructed Au(111) surface at various potentials was followed by in situ STM in real time. At -0.2 V (vs Ag/AgCl), Ag of biatomic height was nucleated on the faulted hcp region of the reconstruction and grew preferentially along the hcp lines (the <11 h2> directions), resulted in a line shape. The growth along the perpendicular directions (the <11 h0> directions) also proceeded but at a much slower rate and eventually covered the Au surface with the Ag bilayer. As the deposition proceeded, another Ag layer of monatomic height was nucleated on the bilayer and grew twodimensionally, followed by coalescence of these monatomic Ag islands to form a third layer. Monatomic Ag layer was preferentially deposited in the hcp domain and the Ag growth stopped at ca. 1ML at 0.3 V. The potential dependent formation of the bi-and mono-atomic Ag layer on the reconstructed Au-(111) surface was also confirmed by the structural conversion from the bi-to mono-atomic Ag layer when the electrode potential was stepped from -0.2 V to +0.3 V. At an intermediate potential, 0V, both the bi-and mono-atomic Ag layers were observed. These results show that formation of the biatomic Ag layer was more favored at more negative potentials in the range of -0.2 to +0.3 V The growth mode of the potentiostatic electrochemical deposition of Ag on the reconstructed Au (111) electrode surface presented in this work is quite different from those previously reported for the electrochemical deposition on the reconstruction-lifted Au(111) electrode surface and deposition under ultrahigh vacuum (UHV) condition on the reconstructed Au(111) surface, showing the importance of surface structure and electrode potential on the growth mode.
